about the development of hyperkalemia in patients when SGLT2 and RAAS inhibitors are used in combination.
Introduction
Dapagliflozin (DAPA), a sodium-glucose co-transporter 2 (SGLT2) inhibitor that targets hyperglycemia in type 2 diabetes (T2DM) by increasing renal glucose excretion [1] . In addition to its beneficial effects on glycemic control, DAPA elicits small reductions in blood pressure (BP) and body weight, due partly to a mild natriuretic and osmotic diuretic effect with glycosuria [2] . Similarly, an initial acute fall in eGFR has been observed during treatment with DAPA, reflecting a reduction of the circulation volume rather than worsening of structural renal function [3] . These findings suggest that SGLT2 inhibitors could influence renin-angiotensin-aldosterone system (RAAS) as part of their mechanism of action. Since SGLT2 inhibitors have been reported to cause hyperkalemia in patients treated with RAAS inhibitors [4] , it is suggested that RAAS activity might be necessary to retain the urinary excretion of potassium.
Herein, we report the first case of a T2DM patient with mineralocorticoid deficiency following bilateral adrenalectomy who developed hyperkalemia after treatment with DAPA, a SGLT2 inhibitor. Furthermore, the additional administration of fludrocortisone acetate, a mineralocorticoid derivative, normalized the hyperkalemia, demonstrating that the retention of RAAS activity is essential to keep the serum potassium level within a normal range during treatment with an SGLT2 inhibitor.
Abstract Dapagliflozin (DAPA), a sodium-glucose cotransporter 2 (SGLT2) inhibitor, is known to have a beneficial diuretic effect, in addition to a glucose-lowering effect. Although SGLT2 inhibitor has been reported, the increase of hyperkalemia in patients treated with renin-angiotensinaldosterone system (RAAS) inhibitors, their mechanism of action is unclear. We report the first case of a type 2 diabetes (T2DM) patient with potential mineralocorticoid deficiency who developed hyperkalemia after administration of DAPA. A 79-year-old woman underwent bilateral adrenalectomy for uncontrolled hypercortisolism due to an inoperable recurrence of Cushing's disease, and she was subsequently maintained on replacement therapy with glucocorticoid. She was diagnosed as having T2DM at 71 years of age and was treated with sitagliptin and miglitol. Since she presented with weight gain of about 5 kg over 6 months and her HbAlc level increased over 12%, 5 mg/day DAPA was added to her daily regimen. After the start of DAPA treatment, she developed hyperkalemia (6.5 mEq/L) with increased plasma renin activity of 53.1 ng/mL/h. She was diagnosed with aldosterone deficiency and started on fludrocortisone 0.1 mg daily, after which the hyperkalemia improved immediately. In this case, DAPA treatment could potentially increase the requirement for mineralocorticoid replacement, directly suggesting that the SGLT2 inhibition-induced natriuretic effect is accompanied by compensatory activation of the RAAS axis, which is essential to keep the serum potassium level within the normal range. Therefore, physicians should be careful
Case report
A 79-year-old woman was diagnosed with Cushing's disease at 56 years of age, and underwent transsphenoidal surgery to resect a pituitary tumor. However, the increase of serum ACTH with the resultant cortisol excess relapsed 5 years after the initial pituitary surgery. Resurgery to dissect the remnant pituitary tumor was performed but this was unsuccessful. Thereafter, persistent medical therapy with several types of inhibitors of adrenal steroidogenesis were not able to normalize her clinical and biochemical consequences of hypercortisolism, as evidenced by increased serum ACTH and cortisol below their respective upper limit. Since she subsequently developed visceral obesity, osteoporosis, impaired glucose tolerance, and hyperlipidemia, she underwent a bilateral adrenalectomy by laparoscopic surgery at the age of 70 years, and she was maintained on replacement therapy with glucocorticoid (cortisone acetate 26.25 mg twice daily, dexamethasone 0.1 mg once daily), but not mineralocorticoid. She was diagnosed with T2DM at 71 years of age, and was treated with diet, exercise and glucose-lowering agents (sitagliptin 50 mg once daily, miglitol 150 mg three times daily).
At the age of 79 years, she gradually gained body weight from 64.0 to 69.4 kg over the last 6 months, and her glycemic control worsened gradually. In December 2015, her HbAlc level increased by over 12%, and she was admitted to the Department of Endocrinology, Osaka City University Hospital for glycemic control. Her current medication, except for glucocorticoid replacement and glucose-lowering agents, included pitavastatin 2 mg once daily, roxatidine 75 mg once daily, alendronic acid 35 mg once weekly. The physical findings were as follows: height 156.2 cm; weight 69.4 kg; BMI 28.6 kg/m 2 ; pulse rate 69/min and regular; BP 141/57 mmHg; body temperatures 35.9 °C; general skin pigmentation; and slight pitting edema in the extremities. The laboratory findings upon admission are presented in Table 1 . Her insulin secretion, estimated from urinary C-peptide immunoreactivity (CPR) was 47.5 μg/day, and glucagon loading test showed that her plasma glucose level changed from 146 to 160 mg/dL, her serum CPR changed from 6.29 to 8.63 ng/mL, with a ΔCPR of 2.34 ng/mL. Immunoreactive insulin (IRI) was 28.1 µU/mL. Anti-glutamic acid decarboxylase antibody (GAD) could not be detected. Thyroid function test was within normal limits. The patient's plasma ACTH level (1170 pg/mL) was very high but her plasma cortisol (2.1 μg/dL) was low, and the 24-h urinaryfree cortisol (UFC) level was 21.6 μg/day. Although her serum aldosterone was 9 pg/mL and the 24-h urinary aldosterone level was 0.4 μg/day, her fractional excretion of potassium (FEK) was in a normal range (11.2%). In addition to adrenal insufficiency, the abnormal findings detected upon admission included slight anemia, hypoalbuminemia, mild liver dysfunction, moderate renal dysfunction, insulin-independent and strong insulin resistance. Clinical examination showed stage 1 diabetic nephropathy (urinary albumin-tocreatinine ratio (UACR), 6 mg/g Cr; estimated glomerular filtration rate, 36.9 mL/min × 1.73/m 2 ), but no diabetic neuropathy, no diabetic retinopathy, and no evidence of macrovasculopathy. Chest X-ray, abdominal CT scan, upper gastrointestinal endoscopy and fecal occult blood test showed no abnormal findings.
On hospital day 7, the patient was treated with 5 mg/day dapagliflozin (DAPA) once daily in the morning. Daily urinary glucose and urine volume increased from 2.8 g and 1000-1500 mL to 20 g and 2000-2500 mL after the start of DAPA treatment. The fasting plasma glucose and GA level were also reduced from 219 mg/dL and 31.5% to 105 mg/ dL and 16.9%, respectively, after 28 days of treatment. As show in Fig. 1a , her body weight decreased from 66.8 to 64.9 kg after 14 days of DAPA treatment. The systolic blood pressure (sBP), and eGFR also decreased, from 141 mmHg and 36.9 mL/min × 1.73/m 2 to 110 mmHg and 31.0 mL/ min × 1.73/m 2 , respectively. Of importance, 7 days of DAPA treatment increased her urinary Na excretion from 65 mEq/ day to 86 mEq/day; although she was provided with 6 g/day of NaCl-restricted diet during her admission. (Fig. 1b) . She was started on sodium bicarbonate at the daily dose of 3.0 g and the NaCl restriction was attenuated from 6 to 10 g/day on day 17, with no essential improvement in the serum potassium. On day 21, her serum potassium increased abruptly from 5.6 to 6.5 mEq/L with plasma renin activity of 53.1 ng/mL/h and FEK decreased from 11.2 to 7.6%. She was diagnosed with aldosterone deficiency and started on fludrocortisone 0.1 mg daily. The serum potassium level on the next day was 5.8 mEq/L. Seven days later (day 28), her serum potassium was reduced to 4.0 mEq/L with plasma renin activity of 5.8 ng/mL/h. Additional laboratory data results from day 28 were as follows: Na 139 mEq/L, pH 7.402, BE − 0.1 mEq/L, PCO 2 39.3 Torr, HCO 3 − 24.0 mEq/L, Cl 105 mEq/L, FENa 0.92%, FEK 15.3% (Fig. 1) . At 4 months follow-up after discharge, Fig. 1 Clinical course of volume reflecting factors and electrolyte levels during admission. a Although the BW and sBP were reduced gradually after DAPA treatment, both recovered along with normalization of the PRA after fludrocortisone replacement. b Although the serum potassium level increased and sodium, bicarbonate levels and eGFR decreased after DAPA treatment, both were normalized after sodium bicarbonate and fludrocortisone replacement her volume regulation was well-controlled (BW 67.3 kg, sBP 122 mmHg, eGFR 49.33 mL/min × 1.73/m 2 ) with continued normalization of the electrolytes and the acid-base equilibrium imbalance (Na 144 mEq/L, K 3.8 mEq/L, Cl 109 mEq/L) with fludrocortisone 0.04 mg and sodium bicarbonate 3.0 g daily.
Discussion
We report a case of a T2DM patient who had undergone bilateral adrenalectomy and developed hyperkalemia following treatment with DAPA. This patient developed hyperkalemia following a decrease in body weight, BP and eGFR, which suggested that the SGLT2 inhibition-induced natriuretic effect could not be compensated by increasing aldosterone levels, leading to the impairment of potassium excretion due to the manifestation of aldosterone deficiency. Thereafter, the hyperkalemia improved immediately after the addition of mineralocorticoid replacement.
In this case report, the increased requirement for mineralocorticoid replacement after SGLT2 inhibition has important clinical implications. Similar to both loop and thiazide diuretics [5] , SGLT2 inhibitors could influence renal potassium excretion as part of their mechanism of action. Specifically, defective sodium absorption in the proximal convolute tubule (PCT) leads to an increased sodium load to the distal tubule, with compensatory activation of the RAAS axis induced by volume depletion, stimulating sodium reabsorption along the collecting duct (CD), leading to potassium secretion. In fact, several articles have indicated the relationship between SGLT2 inhibition and RAAS mediators. Cherney et al. [6] reported that SGLT2 inhibition with empagliflozin-attenuated renal hyperfiltration in subjects with type 1 diabetes. After 8 weeks of empagliflozin treatment in patients with baseline hyperfiltration, there was a 20% reduction in GFR, which was not mediated by the RAAS, as there was an increase in both angiotensin II and aldosterone levels as consequence of the diuretic effect. Another study in subjects with T2DM and inadequate BP control [7] showed that SGLT2 inhibition with DAPA was associated with reductions in body weight, BP, GFR and possibly plasma volume. After 12 weeks of DAPA treatment, plasma renin activity and serum aldosterone increased, consistent with the observed changes in body weight and plasma volume. These observations of an increase in volume-regulating hormones can be explained as compensatory mechanisms to restore fluid balance and serve as further evidence for a reduction of the effective circulating volume after SGLT2 inhibition.
In the present case, the lack of endogenous aldosterone secretion due to bilateral adrenalectomy, similar to the pathophysiological condition observed in cases treated with RAAS inhibitors; although it is an extreme situation, provides novel insight into renal potassium homeostasis after SGLT2 inhibition. The final potassium excretion along the CD is the main determinant of external potassium handling, and is responsible for hyperkalemia [8] . Disturbances of renal potassium excretion were caused by reduced delivery of sodium to the distal nephron, aldosterone deficiency, and abnormal functioning of the cortical collecting tubule [9] . In the clinical setting, common risk factors for hyperkalemia include chronic kidney disease (CKD), diabetes mellitus, decompensated congestive heart failure, volume depletion, advanced age and drugs that interfere in renal potassium exertion. Similar to this case, hyperkalemia may develop as a complication of therapy with SGLT2 inhibitors in patients with one or more defect in renal potassium excretion. In fact, hyperkalemia has been reported in patients who undergoing treatment with canagliflozin, particularly those predisposed to hyperkalemia due to moderate renal impairment (eGFR 45-60 mL/min × 1.73/m 2 ) and in patients treated with potassium-sparing diuretics or inhibitors of the RAAS [4] . On the other hand, a pooled analysis [10] showed that DAPA is not associated with an increased risk of hyperkalemia in patients with T2DM, including patients at a higher risk of hyperkalemia, such as those with moderate renal impairment (eGFR 30-60 mL/min × 1.73/m 2 ) or undergoing treatment with potassium-sparing diuretics or inhibitors of the RAAS. We believe that the true diagnosis of hyperkalemia might have been overlooked in the previous study because measurement of post-potassium levels was only performed 1 and 4 weeks after DAPA administration. Although further precise studies should examine whether SGLT2 inhibitors affect the risk of hyperkalemia, this case suggested that frequent potassium monitoring is clinically important after initiating treatment with SGLT2 inhibitors in patients with the use of RAAS inhibitors or adrenal insufficiency.
Since SGLT-2 inhibitors do not exhibit glucose-lowing efficacy in patients with moderate renal impairment, DAPA is not recommended for use in patients with an eGFR < 60 mL/min × 1.73/m 2 , and similarly canagliflozin and empagliflozin should not be used in patients with an eGFR < 45 mL/min × 1.73/m 2 [11] . However, SGLT-2 inhibitors could be indicated in patients with impaired renal function in terms of nephroprotection [12] . Kohen et al. [13] reported an independent reduction in UACR with DAPA in patients with stage 3 CKD. Moreover, on a subgroup analysis of the EMPA-REG OUTCOME trial [14] , CKD patients treated with empagliflozin experienced a 44% significant reduction in the relative risk of incident or worsening nephropathy compared with those receiving placebo. These outcomes provide strong support for a nephroprotective effect of SGLT2 inhibitors. The combined strategy of dual SGLT2 and RAAS inhibition may be considered to be essential for nephroprotection in patients with T2DM and CKD; as such, the combined use of SGLT2 and RAAS inhibitors is expected to increase. Of note, the risk of hyperkalemia is potentially higher in these populations, as in the current case.
In conclusion, this is the first report to directly demonstrate that an SGLT2 inhibitor potentially increased the need for mineralocorticoid replacement in a patient after bilateral adrenalectomy. This case suggested that the SGLT2 inhibition-induced natriuretic effect is accompanied by compensatory activation of the RAAS axis, which is essential to keep the serum potassium level within a normal range. Therefore, physicians should routinely evaluate the patients' pathological condition, especially the RAAS status before prescribing an SGLT2 inhibitor and monitor the patient's potassium level after initiating or modifying medications that block the SGLT2 and RAAS.
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